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Abstract 

Background: Epidemiologic clinical studies suggested that chronic exposure to chlorine products is associated with 
development of asthma and aggravation of asthmatic symptoms. However, its underlying mechanism was not clearly 
understood. Studies were undertaken to define the effects and mechanisms of chronic low-dose chlorine exposure in the 
pathogenesis of airway inflammation and airway hyperresponsiveness (AHR). 

Methods: Six week-old female BALB/c mice were sensitized and challenged with OVA in the presence and absence of 
chronic low dose chlorine exposure of naturally vaporized gas of 5% sodium hypochlorite solution. Airway inflammation 
and AHR were evaluated by bronchoalveolar lavage (BAL) cell recovery and non-invasive phlethysmography, respectively. 
Real-time qPCR, Western blot assay, and ELISA were used to evaluate the mRNA and protein expressions of cytokines and 
other inflammatory mediators. Human A549 and murine epithelial {A549 and I\/1LE12) and macrophage (AI\/1J2-C11) cells 
were used to define the responses to low dose chlorine exposure in vitro. 

/fe5i//f5; Chronic low dose chlorine exposure significantly augmented airway inflammation and AHR in OVA-sensitized and 
challenged mice. The expression of Th2 cytokines IL-4 and IL-5 and proinflammatory cytokine IL-ip and IL-33 were 
significantly increased in OVA/CI group compared with OVA group. The chlorine exposure also activates the major 
molecules associated with inflammasome pathway in the macrophages with increased expression of epithelial alarmins IL- 
33 and TSLP in vitro. 

Conclusion: Chronic low dose exposure of chlorine aggravates allergic Th2 inflammation and AHR potentially through 
activation of inflammasome danger signaling pathways. 



Citation: Kim S-H, Park D-E, Lee H-S, Kang H-R, Cho S-H (2014) Chronic Low Dose Chlorine Exposure Aggravates Allergic Inflammation and Airway 
Hyperresponsiveness and Activates Inflammasome Pathway. PLoS ONE 9(9}: e106861. doi:10.1371/journal.pone.0106861 

Editor: Bernhard Ryffel, French National Centre for Scientific Research, France 

Received June 2, 2014; Accepted August 11, 2014; Publlsiied September 9, 2014 

Copyright: © 201 4 Kim et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its 
Supporting Information files. 

Funding: This work was supported by the National Research Foundation of Korea (NRF) Grant funded by the Korean Government (Ministry of Education) 
(no. Grant Number E00055), and grant no. 1 1-2010-027 from the Seoul National University Bundang Hospital (SNUBH) Research Fund. The funders had no role in 
study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing interests: The authors have declared that no competing interests exist. 

* Email: helenmed@snu.ac.kr (HRK); shcho@snu.ac.kr (SHC) 



Introduction 

Bronchial asthma is a chronic airway inflammatory disease 
characterized by reversible airway obstruction and airway 
hyperresponsiveness (AHR). Both genetic factors and environ- 
mental factors are involved in the pathogenesis of asthma. A 
variety of environmental factors including not only allergens but 
also viral infections, exposure to air pollution, smoking, and 
chemical irritants contribute to the development of asthma and 
trigger asthmatic symptoms [1]. 

Chlorines are widely used in various applications such as 
materials for disinfection and cleaning in home, public buUding, 
and industry due to low cost, ease use and strong effect of 
deodorizing, bleaching and germicide activity [2]. Sodium 
hypochlorite (NaOCl) solution commonly known as a disinfectant 



and bleaching agent can influence human respiratory tract by 
inhalation of chlorine gas naturally vaporized from the solution. 
Chloramines such as monochloramrne (NH2CI), dichloramine 
(NaHClj) and trichloramine (NCI3), which are formed after 
hypochlorous acid (HOCl) encounter nitrogen organic com- 
pounds, can also affect human airway in forms of aerosol and 
gas [2] . Acute exposure of high dose chlorine gas (CI2) damage 
airway mucosa through formation of reactive oxygen species 
(ROS) and can induce reactive airway dysfunction syndrome 
(RADS) enhancing airway inflammation and AHR and sometimes 
provoke acute respiratory distress syndrome (ARDS) in severe 
cases [3-5] . On the other hands, exposure to low dose chlorine gas 
can be ignored because it does not induce any acute symptoms. 
However, persons with chronic occupation exposure to low dose 
chlorine products such as swimming athletics, swimming pool 
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workers, and cleaners are revealed to have higher prevalence of 
respiratory symptoms and asthma in the previous epidemiological 
studies [6-9]. In addition, there have been reports of the 
association between exposure to chlorine products and atopic 
dermatitis, allergic contact dermatitis and contact urticaria [10- 
13]. These suggest that chlorine exposure is related to the 
development of cutaneous allergic disease as well as respiratory 
disease. 

Experimental studies have been performed about the develop- 
ment of respiratory allergic disease induced by chlorine exposure. 
Hypochlorous acid or chloramines increased epithelial or endo- 
thelial permeability by disruption of cellular junction and oxidative 
cellular injury [14,15]. In animal study, acute exposure to high 
dose chlorine gas enhanced AHR and production of nitric oxide as 
like the results of epidemiologic studies [16-18]. However, the 
effects of chronic exposure to low dose chlorine combined with 
allergen have rarely been explored in the in vivo animal model yet. 
Moreover, the mechanism of asthma development or aggravation 
induced by low dose chlorine has not been fuUy elucidated yet. 

In the present study, we aimed to define the effects and 
mechanism of chronic low dose chlorine exposure in the 
pathogenesis of airway inflammation and AHR using an animal 
model of asthma and airway epithelial cells and macrophages in 
culture. These studies identified that chronic low dose chlorine 
exposure aggravates the aUergen-induced airway inflammation 
and AHR, similarly to high dose exposure as reported previously, 
and activates the major molecules associated with inflammasome 
pathways. These studies highlight chronic environmental exposure 
of chlorine as a significant risk factor for the development of 
allergic lung disease potentially through activation of inflamma- 
some danger signaling pathways. 

Methods 

Sensitization and challenge procedure 

Experimental procedures were carried out with approval from 
Seoul National University Institutional Animal Care and Use 
Committee. Six-week-old, female BALB/c mice were used for the 
study. Mice were divided into four groups. Control group 
underwent neither sensitization/ challenge with OVA nor 4 weeks 
exposure to low-dose chlorine (control; n = 6). Other groups 
underwent only 4 weeks exposure to low-dose chlorine (CI group; 
n = 6), or only sensitization/ challenge with OVA (OVA group; 
n = 6), or both sensitization/ challenge with OVA and 4 weeks 
exposure to low-dose chlorine (OVA/ CI group; n = 6). Allergen 
sensitization was performed with 75 ug OVA (Sigma, St. Louis, 
MO, USA) with 2 mg aluminum hydroxide (Sigma) via intraper- 
itoneal injection at day 1 and day 14. The mice were challenged 
with 50 ug OVA via intranasal route at day 28, 29, and 30 
consecutively. At day 31, methacholine challenge was performed 
and enhanced pause (penh) was measured using one chamber 
plethysmography (AH MecUcus 2000, Anyang, Korea) for the 
evaluation of AHR as described previously [19]. At day 32, 
bronchoalveolar lavage (BAL) fluid and lung tissue were collected 
after sacrifice of the mice. Chlorine gas was inhaled by exposing 
the mice to naturally vaporizing gas from 5% sodium hypochlorite 
solution (NaOCl; Sigma). A container with holes on the top 
surface was prepared to avoid direct skin contact with the NaOCl 
solution. For the chronic exposure to low-dose chlorine gas, the 
container filled with 3 mL of 5% NaOCl solution was placed in 
the mouse cage 8 hours a day, 5 times a week, for 4 weeks 
(Fig. lA-B). The average concentration of chlorine gas in the 
mouse case was 0.0001 ppm which was measured using ion 
chromatography with filter collection method for 8 hours. 



Naturally vaporizing chlorine gas 
A 4\ A /N 



Container filled with sodium hypochlorite 



B 




Figure 1. Mouse chlorine exposure system. A, a container filled 
with NaOCl solution was placed in the cage and mice were exposed to 
naturally vaporizing chlorine gas 8 hours a day, 5 times a week, for 4 
weeks. B, a container with holes on the top surface to avoid direct skin 
contact with the NaOCl solution. 
doi:1 0.1 371/journal.pone.01 06861 .gOOl 

Lung inflammation and mucus secretion 

Differential cell count was performed after Diff-quick staining of 
BAL fluid cells in a cytospin preparation. After collection of the 
blood by cardiac puncture, right lungs were removed and stored at 
— 80°C for the measurement of cytokines and inflammatory 
mediators. Left lungs were inflated with 0.5% low melting point 
agarose gel, removed en bloc for further formalin fixation, 
embedded in paraffin, cut and stained with Hematoxylin and 
Eosin (H&E) for the detection of inflammation and Periodic -Acid- 
Schiflf (PAS) for analysis of mucus secretion in the goblet ceUs of 
the lung epithelium. 

Pulmonary eosinophils were quantified as described in a 
previous study [20] . Briefly, sections of lung were examined by a 
pathologist blinded from the study. Four random foci were 
selected and eosinophils were counted per viewing field (400x 
magnification) and averaged for each lung. 

For evaluation of mucus secretion, we used a semi-quantitative 
scoring system on PAS-stained sections [21]. We graded the 
presence of mucus with the central and peripheral airway 
epithelium goblet cell mucus content using as follows: grade 0, 
no PAS staining; grade 1, 25% or less of the airway epithelium had 
PAS staining; grade 2, 26-50% of the airway epithelium had PAS 
staining; grade 3, 51-75% of the airway epithelium had PAS 
staining; and grade 4, >75% of the airway epithelium had PAS 
staining. 

Measurement of OVA-specific IgE, IgG antibodies 

OVA-specific IgE, IgGl, IgG2a antibodies were measured by 
ELISA in the blood samples. Briefly, 96 weU plates were coated 
with 5 ug OVA in a 100 uL of coating buffer overnight at 4°C. 
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Nonspecific binding was blocked with 2% bovine serum albumin 
at 37°C for 1 hr. After incubation of the test sera for 2 hr, the 
plates were incubated with biotin-conjugated mouse IgE antibody 
(Southern Biotech, Birmingham, AL, USA), anti-IgGl antibody, 
anti-IgG2a antibody at 37°C for 1 hr. After washing, 1:1000 
diluted streptavidin-HRP (BD Bioscience, San Jose, CA, USA) 
were added and plates were incubated at 37°C for 30 min. The 
reaction was developed with stabiMzed chromogen substrate 
(Biosource, Camarillo, CA, USA) at room temperature for 
30 min and stopped by adding 2N H2SO4. The optical density 
was measured at 450 nm. 

Cytokine analysis using real time PCR 

RNA was extracted from the homogenized lung tissue using 
Trizol (GIBCO BRL, Grand island, NY, USA) for the measure- 
ment of mRNA expressions of cytokines and alarmins. RNA (2 ug) 
was converted into cDNA using oligo (dT) and revere transcription 
enzyme (Promega, Madison, WI, USA). Expression of specific 
gene mRNA was measured using ABI 7500 real-time PCR system 
(Applied Biosystems, Foster, CA, USA) with cDNA, primer 
solution, and SYBR Green master mix (Applied Biosystems). 
Primer sequences of each gene used in the experiment were as 
follows: IL-4, forward 5'- ACTTGAGAGAGATCATCGGCA-3' 
and reverse 5'- AGCTCCATGAGAACACTAGAGTT-3'; IL-5, 
forward 5'- AGCACAGTGGTGAAAGAGACCTT-3' and re- 
verse 5'- CATCGTCTCATTGGTTGTCAACA-3'; 11^13, for- 
ward 5'- CCTCTGACCCTTAAGGAGCTTAT-3' and reverse 
5'- CGTTGCACAGGGGAGTGT-3'; beta-actin, forward 5'- 
AGTGTGACGTTGACATCCGT-3' and reverse 5'- GCAGCT- 
C AGTAACAGTCCGC-3 ' . 

Cytokine analysis with multiplex ELISA 

Interleukin-ip (IL-ip), IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, 
tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y) was 
measured using Bio-Plex cytokine assay (Bio-Plex Laboratories 
Inc., Herctdes, CA, USA) in the BAL fluid as the manufacturer's 
instruction. Briefly, premixed magnetic beads coated (50 uL) with 
target capture antibodies were transferred to each well of the 
filtration plate and washed twice with Bio-Plex wash buffer. 
Premixed standards or diluted samples (50 uL) were added to each 
well containing washed beads. The plate was incubated for 30 min 
at room temperature with a shaker at low speed (300 rpm). After 
incubation and washing, premixed detection antibodies (25 uL) 
were added to each well. Then the plate was incubated for 30 min 
again. After incubation and washing, streptavidin-PE (50 uL) was 
added to each well. The incubation was terminated after shaking 
for 10 min at room temperature. After washing, the beads were re- 
suspended in 125 uL of Bio-Plex assay buffer. Beads were read on 
the Bio-Plex suspension array system, and the data were analyzed 
using Bio-Plex Manager software version 3.0. 

In vitro hypochlorite exposure 

To evaluate in vitro immunological effect of low dose NaOCl 
exposure aggravating allergic inflammation, we measured thymic 
stromal lymphopoietin (TSLP), IL-33, and IL-ip expression after 
treating low dose NaOCl on the epithelial and macrophage ceU 
lines. 

AMJ2-C11 (mouse macrophage ceUs, ATCC; CRL-2456) was 
used for IL-1 (5, caspase-1, and IE- 18 expression. Cells were treated 
with 0.0001~0.005% in serum free media. CeU supematants and 
lysates samples were used for the analysis of mRNA and protein 
expression. MLE12 (mouse lung epithelial cells, ATCC; CRL- 
2110) was used for IL-33 expression and treated with 0.001% 
NaOCl up to 96 hrs. A549 (human epithelial lung carcinoma ceUs, 



American T>pe Culture CoUertion (ATCC), MD, USA; CRL- 
185) was used for the evaluation of TSLP. CeUs were treated with 
0.001% and 0.003% NaOCl for 24 hr and 48 hr and ceU lysates 
were used for western blot. 

IL-ip, IL-33 and TSLP mRNA expressions from NaOCl- 
treated ceUs were measured using real-time PCR as previously 
described method. Primer sequence of each gene was as follows; 
II^IP, forward 5'-GCAACTGTTCCTGAACTCAACT-3' and 
reverse 5'-ATCTTTTGGGGTCCGTCAACT-3'; 11^33, for- 
ward 5'- TGAGAAACCTGAAAAATGAGACCTAGA-3' and 
reverse 5'- CTGCGGTGCTGCTGAACTT-3'; TSLP, forward 
5'-TATGAGTGGGACCAAAAGTACCG-3' and reverse 5'- 
AGTAAGGCAATGTGGCCGATT-3 ' . 

Western blot 

In order to detect the activated form of IL-ip, caspase-1 and IL- 
18 from NaOCl-treated AMJ2-C11 ceUs, Culture supernatants 
concentrated using Amicon Ultra Centrifugal Filters for Protein 
Purification and Concentration (MiUipore, BUlerica, MA, USA) 
and ceU lysates were used. Sodium dodecyl stUfate (SDS) and P- 
mercaptoethanol were added to all samples, and final sample 
protein concentrations were adjusted by adding more lysis buffer. 
Proteins (20 |a.g/well) from culture supernatants and cell lysates 
were separated by 10% SDS-polyacrylamide gel electrophoresis 
and blotted onto PVDF membranes. The membranes were then 
probed with anti-mouse ILip (Abeam, Cambridge, MA, USA), 
caspase-1 (Santa Cruz Biotech, Santa Cruz, CA, USA) and IE- 18 
(Santa Cruz Biotech) antibodies prior to incubation with HRP- 
conjugated secondary antibodies. The blots were developed using 
the Super-Signal West Dura chemoluminiscence system (Pierce, 
Perbio Science, Helsingborg, Sweden) accorcUng to the manufac- 
turer's instructions. The bands representative were detected by 
FluorChem ^'^ HD2 Imager (Cell Biosciences). TSLP expression 
was analyzed with western blot in the ceU lysates from NaOCl- 
treated A549 cells. 

Statistical analysis 

Statistical diflFerences among groups were assessed using 
Kruskal-Wallis test or Mann-Whtiney test. For multiple compar- 
isons Kruskal-Wallis test was used initially, and if significant 
differences were found, Mann-Whtiney test was used for the 
comparison of statistical difference between two groups. Statistical 
analyses were performed using SPSS ver. 13.0 (SPSS, Inc., 
Chicago, IE, USA); a p-vaiue less than 0.05 was deemed to 
indicate statistical significance. 

Results 

Effects of low dose chronic chlorine exposure on 
allergen-induced airway responsiveness and 
inflammation 

To see the effect of chlorine in aUergen-induced airway 
responsiveness and inflammation, BAEB/c mice were sensitized 
and chaUenged with OVA in the presence and absence of chlorine 
exposure. Our studies demonstrated that chronic exposure to low 
dose chlorine did not induce AHR when it was exposed alone 
without alk'rgen exposure. However, OVA-sensitized and chal- 
lenged mice exposed to low dose chlorine chronicaUy (OVA/Cl) 
showed significandy higher AHR than the mice only with OVA- 
sensitization and chaUenge without chlorine exposure (OVA) 
(Fig. 2A). In BAL fluid analysis, the mice with chronic exposure of 
low dose chlorine showed increased recovery of macrophages than 
the mice without any chaUenge (controls), to the comparable levels 
with OVA-chaUenged ones. However, the OVA-chaUenged mice 
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with low dose chlorine exposure demonstrated significandy 
increased BAL recovery of eosinophils, neutrophils, and lympho- 
cytes as well as macrophages compared to the mice sensitized and 
challenged only with OVA (Fig. 2B). In the histological examina- 
tion, no significant inflammation was noted in the lungs of controls 
and the mice exposed to chlorine alone (Fig. 2C). However, as was 
in the BAL inflammation, the mice challenged with OVA alone or 
together with chlorine exposure showed significant infiltration of 
inflammatory cells in the lung. Of these, the group of mice with 
OVA/Cl showed more prominent increases in tlu; influx of 
inflammaton,- cells into peribronchial and perivascular regions of 
the lung than the mice only with OVA sensitization and challenge 
(Fig. 2C). Eosinophil was significandy increased in the lung tissue 
of OVA/Cl group of mice compared to that of OVA group 
(Fig. 2D). In addition, significantly higher mucus index score also 
was noted in OVA/ CI group than in the OVA group in the PAS 
staining (Fig. 2E-F). 

Effects of low dose chronic chlorine exposure on allergen 

sensitization 

As a first step to understand the mechanism of chlorine 
regulation of allergen-induced inflammation and AHR, serum 
OVA-specific IgE and IgG levels also measured to evaluate 
whether the chronic exposure to low dose chlorine affect allergen 
sensitization. No significant difference were found in the produc- 
tion of OVA-specific IgE, IgGl, and IgG 2a levels in the OVA/Cl 
group compared with OVA group (Fig. SI), suggesting that 
chlorine exposure did not affect OVA allergen sensitization 
process. 

Effects of low dose chronic chlorine exposure on 
allergen-stimulated Th2 cytokine expression 

To understand the mechanism that low dose chlorine aggra- 
vates AHR and airway inflammation in OVA asthma mouse 
model, first we evaluate the expression of Th 1 and Th2 cytokines 
in these mice. The real-time qPCR analysis revealed a significant 
increase in the expression of Th2 cytokines, such as IL-4 and IL-5 
in OVA/Cl group of mice compared with OVA group. IL-13 was 
increased in OVA/Cl group, but did not reach statistical 
significance compared with OVA group (Fig. 3A-C). Level of 
IL-5 in BAL fluid was also significantly higher in OVA/ CI group 
than OVA group (Fig. S2B). Interestingly, IL-17 level was 
increased in the mice with chlorine only exposure compared to 
controls, but no significant differences were noted between the 
groups of mice OVA only or OVA/Cl (Fig. 3D). In contrast, the 
levels of Thl cytokinc-s. such as IFN-y or TNF-a, were neither 
induced nor modulated with chlorine exposure (data not shown). 
These studies demonstrated that chronic exposure of chlorine 
augments Ediergen-strmulated expression of Th2 cytokines that 
may underlie the exaggerated allergic inflammation and physio- 
logical response in the lung. 

Effect of low dose chronic chlorine exposure on the 
inflammasome activation 

Next studies were undertaken to see if chlorine exposure 
modulate the expression of mediators potentially associated with 
inflammasome activation pathway. Interestingly, significant in- 
crease in IL-ip level was found in BAL fluid of the OVA/Cl group 
compared to controls or OVA group (Fig. 4A). In support of this 
in vivo finding, we further defined direct chlorine regulation of IL- 
1 P expression using AMJ2-C 1 1 murine macrophage cells after 
stimulation of low dose chlorine. As shown in Fig. 4B and 4C, the 
mRNA and protein expression of IL-ip were significandy 



increased in the macrophages treated with chlorine up to 96 hrs. 
These studies strongly suggest that chlorine is a powerful stimulant 
of IL-ip in vivo and in vitro. To further define contribution of 
chlorine to the inflammasome activation, we evaluated the 
cleavage of IL- 1 P, caspase- 1 , and IL- 1 8 using Western blot 
(Fig. 4D). These analyses demonstrated that cleaved active forms 
of IL-ip (pl7), caspase-1 (plO), and IL-18 (plB) were all 
significandy increased in the macrophage exposed to low dose 
chlorine (0.001% to 0.00.5% of sodium hypochlorite) compared to 
vehicle-treated ones. These data indicates significant inflamma- 
some activation with chlorine stimulation in the macrophage. 

Effects of low dose chronic chlorine exposure on the 
expression of IL-33 and TSLP 

It has been shown that epithelial cell damage caused by a 
number of chemicals or viral exposure significantly contributed to 
the increased allergic responses and asthma pathogenesis through 
the expression of alarmins such as IL-33 and TSLP [22]. IL-33, 
but not TSLP, is mostly dispensable for antigen-specific Th2 cell 
differentiation and antigen-specific IgE production [23]. Since our 
studies showed no significant changes at the levels of allergen 
(OVA)-specific IgE with chlorine exposure, studies were first 
undertaken to define the chlorine regulation of IL-33. As shown in 
Fig. 5A, the mice exposed to chlorine showed increased expression 
of IL-33 compared to controls. In addition, the mice challenged 
with OVA together with chlorine significantly increased the 
expression of IL-33 compared to the group of mice with OVA 
only. To see direct effect of chlorine on the induction of IL-33, we 
stimulated the MLE12 murine epithelial cells with low dose 
chlorine in vitro and evaluated the level of mRNA expression of 
IL-33 by real-time PCR. The addition of chlorine consistendy 
stimulates the expression of IL-33 up to 96 hours compared with 
controls (Fig. 5B). These studies suggest that chorine stimulate the 
expression of IL-33, an alarmin that has profound ability to 
enhance allergic inflammation [24]. On the other hand, the 
chronic chlorine exposure did not modulate the expression of 
TSLP expression in the lung in vivo (Fig. S3). However, increased 
expression of TSLP was noted after stimulation with low dose 
chlorine in A549 human epithelial cells (Fig. 5C). 

Discussion 

Acute exposure to high dose chlorine was experimentally 
demonstrated to induce AHR, airway inflammation, and acute 
pulmonary edema [16-18]. However, study to demonstrate the 
role of chronic exposure to low dose chlorine in the development 
or aggravation of asthma has been rarely explored yet either in 
clinical studies or experimental investigations. In this study, AHR 
and airway inflammation were aggravated in murine asthmatic 
airways while low dose chlorine exposure alone did not influence 
on the development of AHR and airway inflammation. Using this 
model, we investigated the und('rlying immune mechanism of 
asthma aggravation induced by chronic exposure to low dose 
chlorine as like occupational exposure of cleaner and house wife, 
and chlorine products users. 

Chlorine is an irritating gas and can be a highly reactive oxidant 
forming to hydrogen chloride (HCl) or h^pochlorous acid (HOCl) 
after reacting with water in human airway mucosa [25]. Much 
attention has not been paid on low dose chlorine exposure because 
it does not generally evoke any acute symptoms. However, there 
are several epidemiological and clinical reports regarding this 
issue. In European countries, the prevalence of asthma and allergic 
disease was significantly higher in children swimming in chlori- 
nated pool [26-28] . Especially it was reported that children with 
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Figure 2. Effect of low dose chronic chlorine exposure on allergen-induced airway hyperresponsiveness and inflammation 6 weeks 
old BALB/c mice were sensitized and challenged with OVA allergen with or without low dose chlorine exposure. A, Airway 
hyperresponsiveness was determined by whole body phlethysmography *p<0.05 vs. other groups. B, Lung inflammatory response were measured 
by BAL cell recovery. Macro, macrophages; Neutro, neutrophils; Eosino, eosinophils; Lympho, lymphocytes. *p<0.05 vs. other groups. C, H&E staining 
(x200). D, Quantification of eosinophil in the lung tissue. E, PAS staining (x200), F: Semi-quantified mucus index score in the PAS staining. Values in 
panels A, B, D and F are mean ± SEM of evaluations in a minimum of 5 mice. Panel C and E is a representative of a minimum of four similar 
experiments. 

doi:1 0.1 371 /journal.pone.01 06861 .g002 



high serum IgE had maximum 9 fold of asthma risk even without 
family history of asthma when they swim in the chlorinate pool for 
a long time [26] . In adults, competitive swimmers who spend more 
time in the pool than recreational swimmers showed increased 
level of surfactant protein (SP-A, SP-B) or Clara cell protein 
(CC16), which suggest longer exposure to swimming pool increase 
epithelial damage and exposure to chlorine compound might be 
related to this finding [29]. Chlorine was noticed as a cause of 



occupational asthma in swimming athletics, recreational swim- 
ming, and indoor swimming pool workers [6-8,30]. Inhaled 
chlorine gas derived from chlorine compound in pool can be 
converted to ROS and affect bronchial mucosa [25]. Highly 
volatile trichloramine or aerosol of monochloramine, dichlora- 
mine, and hypochlorous acid formed in the pool might give 
damage on airway epithelium [2]. Chlorine gas can also be 
exposed in daily life. Bleaching solution, sodium hypochlorite can 
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Figure 3. Effect of low dose chronic chlorine exposure on Th2 cytokine and IL-17 expression in OVA sensitized and challenged 
mice. A-C, the mRNA expression of IL-4 (A), IL-5(B) and IL-1 3(C) was evaluated by RT-qPCR. D. The level of IL-1 7 in BAL was measured by ELISA. Values 
in these panels are mean ± SEM of evaluations in a minimum of 5 mice. *p<0.05 vs. OVA only group. 
doi:1 0.1 371 /journal.pone.01 06861 .g003 



produce large amount of chlorine gas when it reacts to acid, and 
the production of chlorine gas is easily recognizable because it is 
visible and highly irritating in this case. On the other hand, sodium 
hypochlorite can produce small amount of naturally vaporized 
chlorine gas, which usually do not irritate airway mucosa [31]. 
However, cleaners who are occupationally exposed to chlorine gas 
for a long time are noted to have increased prevalence of asthma 
[9,32]. Thus, even low level of chlorine may affect airway mucosa 
when exposed chronically. 

Our studies clearly demonstrate that low dose chlorine exposure 
significantly aggravate allergen (OVA)-induced inflammation and 
AHR. The chlorine exposure enhances Th2, but not Thl, 
inflammation in the lung with increased expression of IL-4 and 
IL-5 expression. Interestingly, IL-17 expression in the lung was 
also induced by low dose chlorine exposure, but was not 
synergistically increased in the group mice with OVA/ CI 
compared to the mice with OVA only. These studies suggest that 
chlorine exposure significantly affect the development and 
progression of asthmatic airways by modulating cytokine milieu 
to drive Th2 inflammation. However, although chlorine exposure 
itself increases the expression of IL- 1 7 in the lung, the biological 
role of IL- 1 7 in this pathology remains to be determined. 

To define the effects of low dose chlorine exposure in asthma 
aggravation, we first evaluated the expression of cytokines and 
proinflammatory mediators in BAL and lung tissue of the allergic 



animal model induced by co-exposure of low dose chlorine and 
OVA. Interestingly, we noted a significant increase in the 
expression of IL- 1 fi along with Th2 cytokines IL-4 and IL-5, in 
vivo in the lung and in vitro after exposure of chlorine. IL-ip is 
largely expressed in macrophage or monocytes through the 
activation of TLR signaling or inflammasome induced by various 
endogenous and exogenous substance [33-35]. Although ROS 
was not measured in this study, reactive chlorine species have 
similar characteristics with ROS and chlorine exposure is known 
to be associated with ROS generation [25,36]. ROS and epithelial 
damage caused by oxidative stress of chlorine may produce 
alarmins and cytokines, that activate TLR or NLRP3 inflamma- 
some, and promote the production of IL-1 fi [33]. Thus, we can 
easily envision that the increased expression IL-lfi in the BAL 
fluid after chlorine stimulation suggest that inflammasome 
activation pathways could be implicated in the biological effect 
of chlorine. In support of this notion, our in vitro studies further 
demonstrated that increase in the activated form of caspase- 1 , IL- 
IP, and IL-1 8 (cleavage from pro-form) after chlorine exposure. 
Although this is the first studies demonstrate that the chlorine 
exposure activates the inflammasome pathways, the exact 
biological role of inflammasome activated caspase- 1 , IL- 1 fi, and 
IL-1 8 in allergic inflammation and AHR warrants further 
investigation. 
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Figure 4. Effect of low dose chronic chlorine exposure on the molecules associated with inflammasome activation. A, IL-1 f> levels in 
the BAL from OVA-sensitized and challenged mice with or without chlorine exposure were measured by ELISA. *p<0.05 vs. OVA only group. B, The 
mRNA expressions of IL-1 (3 were measured by RT-qPCR after 48 and 96 hrs stimulation with 0.001% NaOCI. *p<0.05 vs. control. C, IL-1 p levels were 
measured using ELISA after low dose NaOCI treatments in AMJ2-C1 1 mouse macrophage cells. *p<0.05 vs. control. D, Western blot evaluation on the 
molecules associated with inflammasome activation in the macrophages with and without exposure of NaOCI (IL-1 (3 and caspase-1 in the cell 
supernatant, and IL-18 in the cell lysates). Values in panels in A, B and C are mean ± SEM. Panel D is a representative of a minimum of three similar 
experiments. 
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Chlorme gas is known to induce epitlielial damage via production 
of reactive oxidants [2,5,25]. However, little is understood how this 
epithelial damage contribute to the development of aggravation of 
allergic reaction. In our study, low dose chlorine induces neither 
AHR nor airway inflammation by itself, but it can augment AHR 
and airway inflammation induced by OVA. This finding suggests 
chlorine may act as an enhancer of immune reaction in the 
development of allergen-induced immune reaction. Alarmin, endog- 
enous molecule derived from damaged airway epithelium may be 
involved in this mechanism by producing danger signals [35,37]. IL- 
33, a member of IL- 1 family cytokine, is secreted from the damaged 
epithelial cell and can be also classified as one of alarmiiis [35,38]. IL- 



33 can interact to ST receptors also known as IL-RLl largely located 
on the Th2 helper cell and mast cell and have been understood to 
play a crucial role in the development of allergic disease such as 
asthma and atopic dermatitis [38] . In addition, TSLP derived from 
epithelial cell is well recognized to play an important role in the early 
phase of allergic inflammation [39] . TSLP promote the environment 
for Th2 inflammation by inducing dendritic cell activation and 
maturation, increasing MHC expression, and producing macro- 
phage-derived chemokine (MDC) and tiiymus and activation- 
regxilated chemokine (TARC) [40,41]. In die present study, IL-33 
significandy increased in the mice which were exposed to the low dose 
chlorine with OVA. Furthermore, IL-33 expression was enhanced by 
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Figure 5. Effect of low dose chronic chlorine exposure on the expression of epithelial alarmines. A, The levels of IL-33 expression in the 
lungs from the mice sensitized and challenged by OVA with or without chlorine exposure were evaluated by RT-qPCR. *p<0.05 vs. groups without 
chlorine exposure. B, The mRNA expressions of IL-33 in murine IV1LE12 epithelial cells were measured by qRT-PCR after 48 and 96 hrs stimulation of 
0.001% NaOCI. *p<0.05 vs. control. C, TSLP protein expression was evaluated by Western blot analysis. Values in panels A and B are mean ± SEM of 
evaluations in a minimum of 5 mice. Panel C is a representative of a minimum of three similar experiments. 
doi:1 0.1 371 /journal.pone.01 06861 .g005 



low dose hypochlorite in the in vitro experiment using mouse 
epithelial cell. Although the enhanced expression of TSLP was not 
found in the animal experiment, significant increase of TSLP was 
observed in the human and mouse epithelial cell after low dose 
chlorine exposure. It suggests that TSLP also may have a potential to 
contribute to the enhanced allergic responses by chlorine exposure 
together with IL-33. The specific role and contribution of IL-33 or 
TSLP in the effects of chlorine in pathogenesis of allergic 
inflammation and physiologic response need to be fiirther defined. 

Chlorine has been supposed to contribute to the sensitization of 
allergen by destructing epithelial junction barrier and increasing 
allergen permeability [2]. Our study had a limitation to evaluate 
the effect of chlorine on allergen sensitization, the first step of 
asthma development, because OVA sensitization was induced via 
intraperitoneal route. However, recent study by Hox et al. also 
demonstrated that allergen-specific sensitization was not affect by 
repetitive exposure to low dose chlorine although it increased 
AHR [42]. In our study, increased expression of IL-4 and IL-5 
represent the enhancement of Th2 inflammation, but these finding 
might be caused by innate immune response related to the action 
of alarmrns such as IL-33 and TSLP rather than adaptive immune 
response. IL-33 can induce Th2 inflammation by activating mast 



cell, macrophage, and innate lymphoid cells regardless of adaptive 
immune response [24,43]. TSLP can activate innate immune cells 
such as mast cell, basophil, and invariant natural kill T cell to 
secret Th2 cytokines [44,45]. Since IL-33, but not TSLP, is mostiy 
dispensable for antigen-specific IgE production and our studies 
showed no significance difference in the OVA allergen-specific IgE 
levels with and without chlorine exposure, we speculate that IL-33 
is more relevant to the biological effect of chlorine than TSLP. It is 
also intriguing to speculate that chlorine-stimulated epithelial 
alarmrns could play a major role in the inflammasome activation 
that lead to the secretion and activation of proinflammtory 
cytokine IL- 1 (3. If this is the case, further investigation on the 
specific role of IL-33 or TSLP in these activation pathways could 
be important to understand the mechanism of chlorine effect on 
allergic inflammation and physiologic responses. 

In conclusion, our studies demonstrated that low dose repeated 
chronic exposure of chlorine gas vaporized from sodium 
hypochlorite aggravates allergen-induce inflammation and AHR. 
These studies also identified that chlorine exposure significantly 
increases the expression of epithelial alarmins such as IL-33 or 
TSLP together with IL-lfi in vivo and in vitro. These findings led 
us to speculate that alarmin-inflammasome activation pathways 
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might be implicated as a mechanism of biologic effect of chlorine 
in the pathogenesis of asthmatic airways. 

Supporting Information 

Figure SI Effect of low dose chronic chlorine exposure 
on allergen sensitization. The levels of OVA-specific IgE or 
IgGl, IgG2a in the serum were measured at the time of sacrifice 
using ELISA. Values in these panels are mean ± SEM of 
evaluations in a minimum of 5 mice. NS, no statistical significance 
compared to OVA only mice. 
(TIf) 

Figure S2 The levels of Th2 cytokines in the BAL. ILr4 (A) 
and IL-5 (B) measured using ELISA. Values in these panels are 

References 

1. Holgate ST (2008) Pathogenesis of asthma. Clin Exp Mergy 38: 872-897. 

2. Bernard A (2007) Chlorination products: emerging links with allergic diseases. 
Current medicinal chemistry 14: 1771—1782. 

3. Brooks SM, Weiss IVIA, Bernstein IL (1985) Reactive airways dysfunction 
syndrome (RADS). Persistent asthma syndrome after high level irritant 
exposures. Chest 88: 376-384. 

4. Das R, Blanc PD (1993) Chlorine gas exposure and the lung: a review. 
Toxicology and industrial health 9: 439-455. 

5. Evans RB (2005) Chlorine: state of die art. Lung 183: 151-167. 

6. Helenius If) Tikkanen HO, Sarna S, Haahtela T (1998) Asthma and increased 
bronchial responsiveness in elite athletes: atopy and sport event as risk factors. 
The Journal of alleroy and clinical immunology 101: 646—652- 

7. JacokjII. Spaan S, \'an Rooy GB, Mrlicfste C, Zaat VA, et al. (2007) Exposure 
to u4rhloraminc and rrspiratorv" symptoms in indoor swimming pool workers. 
Eur Respir J 29: 690-698. 

8. iMassin N, Bohadana AB, Wild P, Hery M, Toamain JP, et al. (1998) 
Respiratory symptoms and bronchial responsiveness in lifeguards exposed to 
nitrogen trichloride in indoor swimming pools. Occupational and environmental 
medicine 55: 258-263. 

9. Medina-Ramon M, ZockJP, Kogevinas M, Sunyer J, Basagana X, et al. (2006) 
Short-term respiratory eflects of cleaning exposures in female domestic cleaners. 
Eur Respir J 27: 1196-1203. 

10. Eun HC, Lee AY, Eer Y8 (1984) Sodium hypochlorite dermatitis. Contact 
dermatitis 1 1 : l!"). 

11. HostynekJ], Patrick E, Younger B, Maibach HI (1989) Hypochlorite sensitivity 
in man. Contact dermatitis 20: 32—37. 

12. Miyake Y, Yokoyama T, Yura A, Iki M, Shimizu T (2004) Ecological 
association of water hardness with prevalence of childhood atopic dermatitis in a 
Japanese urban area. Environmental research 94: 33—37. 

13. Sasseville D, GeoHrion G, Lowr\' RN (1999) Allergic contact dermatitis from 
chlorinated swimming pool water. Contact dermatitis 41: 347-348. 

14. Schraufstatter lU, Browne K, Harris A, Hyslop PA, Jackson JH, et al. (1990) 
Mechanisms of hypochlorite injury of target cells. The Journal of clinical 
investigation 85: 554—562. 

15. Tatsumi T, FHss H (1994) Hypochlorous acid and chloramines increase 
endothelial permeability: possible involvement of cellular zinc. The American 
journal of physiology 267: H1597-1607. 

16. Batchinsky Al, Martini DK, Jordan BS, Dick EJ, Fudge J, et al. (2006) Acute 
respiratory distress syndrome secondary to inhalation of chlorine gas in sheep. 
4'he Journal of trauma 60: 944-956; discussion 956-947. 

17. Demnati R, Eraser R, Martin JG, Plaa G, Malo JL (1998) Effects of 
dexamethasone on functional and pathological changes in rat bronchi caused by 
high acute exposure to chlorine. Toxicol Sci 45: 242-246. 

18. Martin JG, CampbeU HR, Ejima H, Gautrin D, MaloJL, et al. (2003) Chlorine- 
induced injury to the airways in mice. American journal of respiratory and 
critical care medicine 168: 568—574. 

19. Jeon SG, Lee CG, Oh MH, Chun EY, Gho YS, et al. (2007) Recombinant basic 
fibroblast growth factor inhibits the airway hyperresponsiveness, mucus 
production, and lung inllanimation induced bv an allergen challenge. The 
Journal of allergy and clinical immunology 119: 831-837. 

20. Meyerholz DK, Griffin MA, Castilow EM, Varga SM (2009) Comparison of 
histochemical methods for murine eosinophil detection in an RSV vaccine- 
enhanced inflammation model. Toxicologic pathology 37: 249-255. 

21. Meyer ML, Potts-Kant EN, Ohio AJ, Fischer BM, Foster WM, et al. (2012) 
NAD(P)H quinone oxidoreductase 1 regulates neutrophil elastase-induced 
mucous cell metaplasia. American journal of physiology Lung cellular and 
molecular phvsiologv 303: L181— 188. 

22. Hams E, Fallon FG (2012) Innate type 2 cells and asthma. Current opinion in 
pharmacology 12: 503-509. 

23. Waern I, Lundequist A, Pejler G, Wernersson S (2013) Mast cell chymase 
modulates IL-33 levels and controls allergic sensitization in dust-mite induced 
airway inflammation. Mucosal immunology 6: 911—920. 



mean ± SEM of evaluations in a minimum of 5 mice. *^<0.05 vs. 
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panels are mean ± SEM of evaluations in a minimum of 5 mice. 
(TIF) 

Author Contributions 

Conceived and designed the experimenis: SHK HRK SHC. Pcrl'ornied the 
experiments: SHK DEP HSL HRK. Analyzed the data: SHK DEP HSL 
HRK SHC. Contrihuled reagcnts/maLerials/analysis tools: DEP HSL. 
Contributed to the writing of the manuscript: SHK HRK SHC. 



24. Oboki K, Nakae S, Matsumoto K, Saito H (2011) 11^33 and Airway 
Inflammation. AUergy, asthma & immunology research 3: 81—88. 

25. White CW, Martin JG (2010) Chlorine gas inhalation: human cHnical evidence 
of toxicity and experience in animal models. Proceedings of the American 
Thoracic Society 7: 2.^)7-263. 

26. Bernard A, CarbonncUr S, dr Burburc C.:, Michel O, Xickmilder M (2006) 
Chlorinated pool attendance, atopy, and the risk of asthma during childhood. 
Environmental health perspeeti\'es 114: 1567—1573. 

27. Bernard A, Nickmildcr M, Voisin C (2008) Outdoor swimming pools and the 
risks of asthma and aUcrgies during adolescence. Eur Respir J 32: 979-988. 

28. Nickmilder M, Bernard A (2007) Ecological association between childhood 
asthma and availability of indoor chlorinated swimming pools in Europe. 
Occupational and environmental medicine 64: 37-46. 

29. CarbonneUe S, Francaux M, Doyle I, Dumont X, de Burbure C, et al. (2002) 
Changes in serum pneumoproteins caused by short-term exposures to nitrogen 
trichloride in indoor chlorinated swimming pools. Biomarkers 7: 464—478. 

30. Varraso R, Massin N, Hery M, Fradier-Dusch M, Michaely JP, et al. (2002) Not 
only training but also exposure to chlorinated compounds generates a response 
to oxidative stimuli in swimmers. Toxieolog\' and industrial health IS: 269-278. 

31. Quiree S, Barraneo P (2010) Gleaning agents and asthma. J Investig Allergol 
Clin Immunol 20: 542-550: quiz 542p following 550. 

32. Medina-Ramon M, ZockJP, Kogevinas M, vSunyer J, Torralba Y, et al. (2005) 
Asthma, chronic bronchitis, and exposure to irritant agents in occupationEil 
domestic cleaning: a nested case-control study. C!)ccupational and environmental 
medicine 62: 598-606. 

33. Chen GY, Nunez G (2010) Sterile inflammation: sensing and reacting to 
damage. Nature reviews 10: 826—837. 

34. Sims JE, Smith DE (2010) The IL-1 family: regulators of immunity. Nature 
reviews 10: 89-102. 

35. W'illarl AlA , 1 lammad H (20 10) Alarming dendritic cells for aUergic 
sensitization. Allergol lot 59: 95-103. 

36. Kettle AJ, Albrett AM, Chapman AL, Dickerhof N, Forbes LV, et al. (2014) 
Measuring chlorine bleach in biology and medicine. Biochimica et biophysica 
acta 1840: 781-793. 

37. Bianchi ME (2007) DAMPs, PAMPs and alarmins: all we need to know about 
danger. Journal of leukocyte biology 81: 1-5. 

38. Liew FY, Pitman NI, Mclnnes IB (2010) Disease-associated functions of 11^33: 
the new kid in the IL-1 family. Nature reviews 10: 103-110. 

39. Rochman Y, Leonard WJ (2008) Thymic stromal lymphopoietin: a new cytokine 
in asthma. Current opinion in pharmacology 8: 249—254. 

40. Wang J, Xing F (2008) Human TSLP-educated DCs. CeUular & molecular 
immunology 5: 99-106. 

41. Wang YH, Liu \J (2009) Thvmic stromal lymphopoietin, ()X40-ligand, and 
interleukin-25 in allergic responses. Glin Exp Allerg\' 39: 798-806. 

42. Hox V, VanoirbeekJA, Caiiebaut 1, Bobic S, De Vooghl W et al. (201 1) Airway 
exposure to hypochlorite prior to ovalbumin induces airway hvperre activity 
without evidence for allergic sensitization. Toxicology letters 204: 101—107. 

43. Kim HY, Chang YJ, Subramanian S, Lee HH, Albackcr LA, ct al. (2012) Innate 
lymphoid ceUs responding to IL-33 mediate airway hyperreactivity indepen- 
dendy of adaptive immunity. The Journal of aUergy and clinical immunology 
129: 216-227 e21 1-216. 

44. Nagarkar DR, Poposki JA, Gomcau MR, Biyashcva A, Avila PC, et al. (2012) 
Airway epithelial cells activate TH2 cytokine production in mast cells through 
IL-1 and thymic stromal lymphopoietin. The Journal of aUergy and cHnical 
immunology 130: 225-232 e224. 

45. Wu WH, Park GO, Oh SH, Kim HJ, Kwon YS, et al. (2010) Thymic stromal 
lymphopoietin-activated invariant natural killer T cells trigger an innate allergic 
immune response in atopic dermatitis. The Journal of aUergy and cHnical 
immunology 126: 290-299, 299 e291-294. 



PLCS ONE I www.plosone.org 



9 



September 2014 | Volume 9 | Issue 9 | e106861 



